Herbaceous peony (Paeonia lactiflora Pall.) is an excellent ornamental plant, which is usually stressed by summer high temperatures, but little is known about its relevant measures. In this study, the effects of trehalose on alleviating high temperature-induced damage in P. lactiflora were examined. High temperature stress in P. lactiflora increased production of reactive oxygen species (ROS), including superoxide anion free radical (O 2 ·− ) and hydrogen peroxide (H 2 O 2 ), enhanced both malondialdehyde (MDA) content and relative electrical conductivity (REC), decreased superoxide dismutase (SOD) activity, increased catalase (CAT) activity, inhibited photosynthesis, and destroyed cell structure. However, exogenous trehalose effectively alleviated its high temperature-induced damage. Trehalose decreased O 2 ·− and H 2 O 2 accumulation, MDA content, and REC, increased the activities of antioxidant enzymes, enhanced photosynthesis, improved cell structure, and made chloroplasts rounder. Additionally, trehalose induced high temperaturetolerant-related gene expressions to different degrees. These results indicated that trehalose decreased the deleterious effect of high temperature stress on P. lactiflora growth by enhancing antioxidant systems, activating photosynthesis, and protecting cell structure. These findings indicate the potential application of trehalose for managing high temperatures in P. lactiflora cultivation.
Introduction
With the constant increase in atmospheric carbon dioxide (CO 2 ) levels, the impact of global climatic changes is exacerbated (Eissa and Zaki 2011; Putten et al. 2002) . In addition, by the end of the twenty-first century, a 1.8-5.8°C temperature increase is predicted globally, an increase that is one type of abiotic stress factor (Goraya et al. 2017) . Both temporary and long-term elevated temperature increases can lead to a wide range of responses in plants, including morphological, physiological, biochemical, and molecular changes, and these changes usually have an adverse impact on plant growth and development, eventually reducing plant production (Liu et al. 2013) . For example, high temperature reduces vegetative growth and potassium allocation in olive (Olea europaea L.) (Benlloch-González et al. 2016) , affects male and female reproduction in plants (Sage et al. 2015) , and drastically reduces economic yield in potato (Solanum tuberosum L.) (Rykaczewska 2015) . Thus, it is crucial to find some method to improve high temperature stress tolerance in plants.
High temperature stress tolerance can be effectively improved by breeding new plant varieties, improving plant growth environments, and applying exogenous chemicals. Of these, spraying exogenous chemicals is the most simple and convenient method to improve high temperature stress tolerance in plants and is the easily to apply in production. For example, Sang et al. (2017) observed the positive effect of exogenous spermidine in tomato (Lycopersicon esculentum Mill.) seedlings' response to high temperature stress. Salicylic acid alleviated the high temperature stimulus in Ulva prolifera through partion antioxidant-related proteins upregulations, jasmonate signal pathway enhancements, significant changes in Ca
2+
-binding proteins and photosynthesis-related proteins, the incensement of antioxidant enzyme activities, and changes in photosynthesis index (Fan et al. 2017) . Abscisic acid had a protective role in membrane stability, osmotic adjustment, photosynthesis, and hormonal status of lucerne (Medicago sativa L.) under high temperature stress . Trehalose is a nonreducing disaccharide, presents in many organisms, that is composed of two glucose residues bound by an α-α-(1→1) linkage, serving as an energy source and as an osmolyte and/or protein/membrane protectant (López-Gómez and Lluch 2012). In addition, previous studies have shown that trehalose can regulate plant responses to environmental stresses, including salt, copper, and drought. (Ali et al. 2012; Mostofa et al. 2015; Shahbaz et al. 2017) . Moreover, several studies found that exogenously supplied trehalose protected plants from high temperature-induced damage (Luo et al. 2008 (Luo et al. , 2010 (Luo et al. , 2014 Pang et al. 2017) . However, it is still unclear whether such response of trehalose against high temperature stress is universal for ornamental plants.
Herbaceous peony (Paeonia lactiflora Pall.), belonging to the Paeoniaceae family, is a traditionally well-recognized flower with a long cultivation history. P. lactiflora has excellent aesthetic characteristics because of its gorgeous color and attractive pattern, and it has been widely used in gardens. P. lactiflora favors sunny environments while avoiding summer high temperature, often leading to high temperature stress in south China environments (Zhang et al. 2016) . In this respect, the effects of high temperature stress on P. lactiflora physiology and biochemistry were investigated, and it was found that high temperature-tolerant P. lactiflora cultivars could effectively reduce stress damage by enhancing antioxidant enzyme activities and heat shock protein gene expression (Wu et al. 2016) . Moreover, transcriptome and digital gene expression analysis of P. lactiflora were used to screen for thermo-tolerant-related differentially expressed genes (Hao et al. 2016) . Additionally, Zhao et al. (2015) found that shade could ameliorate high temperatureinduced growth inhibition in P. lactiflora. Nevertheless, the application of exogenous chemicals to improve high temperature stress tolerance in P. lactiflora has not been studied, to the best of our knowledge. To reduce the adverse effects of high temperature on P. lactiflora, trehalose was selected for application in the present study. The responses of stress physiological indices, antioxidant enzyme activities, photosynthesis, anatomy, and high temperature-tolerant gene expressions were investigated. These findings provide a theoretical basis for further elucidating the regulatory mechanism of trehalose-mediated high temperature stress tolerance in P. lactiflora.
Materials and methods

Plant materials and treatments
The experiments were carried out with 6-year-old potted P. lactiflora cv 'Da Fugui', one of the popular P. lactiflora cultivars in China. These plants were divided into two groups, with 24 pots per group. For one group, 30 mmol L −1 trehalose solution was sprayed at 17:00 daily, and the other was treated with distilled water as the control. After a 3-day treatment, four pots were adopted randomly per group as the 0th day, while the others were transferred to an artificial climate chamber with 40°C and 60% relative humidity during daytime (5:00-19:00, 10,000 lx light intensity) and nighttime (19:00-5:00, 0 lx light intensity) for high temperature stress. In addition, the samples were taken separately on 0, 1, 2, and 3 days after treatment. When taking samples, photosynthetic and chlorophyll fluorescence parameters were first measured, and then leaves were taken for stress physiological indices and protective enzyme activity measurements, anatomy observation, and gene expression analysis. Additionally, all leaves were fully expanded and were taken from the fourth apical node.
Stress physiological index measurement
Superoxide anion free radical (O 2 ·-) accumulation was observed by a reagent kit (Shanghai Haling Biotechnology Co., Ltd., China). The samples were observed at 540 nm excitation wavelength and 590 nm emanation wavelength and imaged with a fluorescent microscope (Axio Imager D2, ZEISS, Germany). The fluorescent signals were gathered using ZEN software (ZEISS, Germany).
Hydrogen peroxide (H 2 O 2 ) accumulation was firstly observed by diaminobenzidine (DAB) staining (Tian et al. 2013) . Briefly, P. lactiflora leaves were immersed in 0.1 mg/ mL DAB in 50 mM Tris-acetate buffer, pH 5.0, at 25°C for 24 h in the dark, and then they were boiled in 95% (v/v) ethanol for 15 min and then photographed using a camera (Canon 50D, Japan). Additionally, H 2 O 2 content was detected according to the guideline of reagent kit (Nanjing Jiancheng Bioengineering Institute, China).
Malondialdehyde (MDA) content was evaluated according to the guideline of reagent kit (Nanjing Jiancheng Bioengineering Institute, China). Relative electrical conductivity (REC) was determined according to the method reported by Yang et al. (1996) .
Antioxidant enzyme activity measurement
Firstly, 0.5 g leaf was ground to a fine powder with liquid nitrogen and extracted with ice-cold 50 mM phosphate buffer (pH 7.8). The extracts were centrifuged at 4°C for 15 min at 10,000×g and then the resulting supernatants, thereafter referred to as crude extracts, were collected and used for enzyme activity assay (Zou 2000) . Catalase (CAT, EC 1.11.1.6) and superoxide dismutase (SOD, EC 1.15.1.1) activities were evaluated by reagent kits (Nanjing Jiancheng Bioengineering Institute, China).
Photosynthetic and chlorophyll fluorescence parameter measurement
Photosynthetic parameters were measured with a portable photosynthesis system (Li-Cor LI-6400, USA), and the chlorophyll fluorescence parameters were measured with a chlorophyll fluorescence spectrometer (Heinz Walz GmbH 91090 Effeltrich, Germany).
Anatomy observation
The surfaces of leaves were observed by the environmental scanning electron microscopy (Philips XL-30 ESEM, Holland). The fixed leaves were firstly dehydrated in a gradient ethanol solution and treated with the mixtures of acetone/ anhydrous alcohol (1:1, 2:1, 1:0, v/v), acetone/isoamyl acetate (1:1, 1:2, v/v), and pure isoamyl acetate. After drying and spraying gold (EIKO IB-3, Hitachi, Japan), the samples were observed.
Moreover, the anatomical details of leaves were observed by the transmission electron microscope (Tecnai 12, Philips, Holland). The fixed leaves were washed three times with 0.1 mol/L phosphate buffer for 15 min and post-fixed with 1% osmium tetroxide for 4 h at room temperature. After washing three times with 0.1 mol/L phosphate buffer for 15 min each, the leaves were dehydrated using 50, 70, 85, 95, and 100% gradient ethanol for 15 min each. Moreover, they were treated with 100% acetone solution (15 min) and acetone solution containing anhydrous sodium sulfate (15 min), infiltrated in Spurr resin, and then hardened at 70°C for 24 h. Sections (70 nm thick) were cut with a diamond knife using a Leica EM UC6 ultramicrotome (Leica Co., Austria) and stained with 1% uranyl acetate in 70% methanol and 1% lead citrate before examination. After these, the samples were observed and imaged.
Gene expression analysis
Total RNA was extracted from P. lactiflora leaves using MiniBEST Plant RNA Extraction Kit (TaKaRa, Japan). The cDNA was synthesized from RNA using PrimeScript® RT reagent Kit With gDNA Eraser (TaKaRa, Japan). PCR was performed in a total volume of 25 μL reaction system containing total cDNA 2 μL, 10× PCR buffer 2.5 μL, dNTP mixture (2.5 mM each) 2 μL, TaKaRa Taq™ (5 u/μL) 0.2 μL (TaKaRa, Japan), PCR primers (10 μM) (Table S1) 2.5 μL, and ddH 2 O 15.8 μL. PCR conditions were 3 min at 94°C, followed by 35 cycles of 30 s at 94°C, 30 s at 52°C, and 30 s at 72°C, with a final extension at 72°C for 10 min.
Gene transcript levels were analyzed using qRT-PCR with a BIO-RAD CFX Connect™ Optics Module (Bio-Rad, USA), and all gene-specific primers were shown in Table 1 . qRT-PCR was performed using the SYBR® Premix Ex Taq™ (Perfect Real Time) (TaKaRa, Japan) and contained 12.5 μL 2 × SYBR Premix Ex Taq™, 2 μL cDNA solution, 2 μL mix solution of target gene primers, and 8.5 μL ddH 2 O in a final volume of 25 μL. The amplification was carried out under the following conditions: 95°C for 30 s, 40 cycles at 95°C for 5 s, 52°C for 30 s, and 72°C for 30 s. Gene relative expression levels of target genes were calculated by the 2 −△△Ct comparative threshold cycle (Ct) method (Schmittgen and Livak 2008) . The Ct values of the triplicate reactions were gathered using the Bio-Rad CFX Manager V1.6.541.1028 software. 
The gene ID was from high temperature-induced P. lactiflora transcriptome data (accession number in NCBI: SRS774325, SRS774326, and SRS774327)
Statistical analysis
All experiments described here were repeated three times arranged in a completely randomized design. Primers were designed using Primer program (version 5.00). The results were analyzed for variance using the SAS/STAT statistical analysis package (version 6.12, SAS Institute, Cary, NC, USA).
Results
Effects of trehalose on oxidative stress under high temperature stress
High temperature stress accelerated the production of reactive oxygen species (ROS) in P. lactiflora. O 2 ·− and H 2 O 2 accumulations were first observed using a fluorescence probe and DAB staining, and they all increased due to high temperature stress. However, trehalose pretreatment significantly reduced the high temperature-induced accumulations of O 2 ·− and H 2 O 2 ; in particular, on day 3, a lighter color and weaker fluorescent signal was observed in trehalose-treated leaves compared with leaves of the control (Fig. 1a, b) . When the fluorescent signal intensity of O 2 ·− accumulation and H 2 O 2 content were numerically detected, both exhibited an upward trend in response to high temperature stress, while in trehalose-treated leaves, they were only 53.30 and 46.93% of those of the control on day 3, respectively ( Fig. 1c) .
Similarly, high temperature stress caused membrane lipid peroxidation injury in P. lactiflora. MDA content and REC increased significantly as high temperature stress developed, and these increases were attenuated by trehalose pretreatment, especially on day 3, when REC was 36.21% lower and MDA content was 15.51% lower in trehalose-treated leaves than in the control leaves (Fig. 1d) .
Effects of trehalose on antioxidant enzymes under high temperature stress Antioxidant enzyme activities, including CAT and SOD, were significantly affected by high temperature stress in P. lactiflora. As shown in Fig. 2 , CAT activity presented an upward trend in the control, which increased by 14.37, 53.09, and 77.72% on days 1, 2, and 3, respectively. Moreover, CAT activity in trehalose-treated leaves was always higher than in the control leaves, being on average 1.38 times greater. Conversely, SOD activity showed a downward trend in both the trehalose-treated leaves and the control leaves but was continuously higher in trehalose-treated leaves compared to those of the control. Clearly, their differences gradually narrowed, and the smallest difference was observed on day 3, with 14.33 U g −1 FW.
Effects of trehalose on photosynthesis under high temperature stress
High temperature stress affected photosynthetic characteristics in P. lactiflora (Fig. 3) . Pn, Gs, and Tr in trehalosetreated leaves and the control basically showed downward trends with the development of high temperature stress, but Ci presented the opposite tendency. Trehalose pretreatment clearly alleviated high temperature-induced reduction in leaf Pn, but in the control leaves, Pn was significantly decreased by 84.59%, while in the trehalose-treated leaves, it decreased by 61.52%. In addition, Ci was enhanced by trehalose pretreatment. However, Gs and Tr in trehalose-treated leaves under high temperature stress were markedly lower than those of the control; Gs and Tr in the control significantly decreased by 40.12 and 92.21%, while trehalose-treated leaves significantly decreased by 50.34 and 85.71%, respectively. Moreover, P. lactiflora chlorophyll fluorescence parameters were also significantly affected by high temperature stress (Fig. 4) . In general, F v /F m and Y (II) exhibited downtrends when exposed to high temperature and their values increased in trehalose-treated leaves compared with those of the control. F v /F m in trehalose-treated leaves generally decreased and had a slight increase on day 2, which represented the biggest difference from the control. Y (II) presented a slight uptrend in trehalose-treated leaves with a small fluctuation. Conversely, Y (NPQ) and Y (NO) generally presented uptrends when exposed to high temperature and were lower in trehalose-treated leaves than in those of the control. Y (NPQ) first decreased and then increased in trehalose-treated leaves, and the biggest difference was observed on day 2, which was 0.80 times that of the control. Y (NO) increased slowly and had a slight decline in trehalose-treated leaves on day 2; Y (NO) in trehalosetreated leaves and the control increased by 8.03 and 48.30%, respectively.
Effects of trehalose on anatomy under high temperature stress
High temperature stress resulted in stomata and mesophyll cell changes. At first, there was no obvious difference between trehalose-treated leaves and those of the control, and most of the stomata remained open on day 0 (Fig. 5a-d) . However, in response to high temperature stress, most of the stomata in the control were closed, and only a few opened slightly on day 3. Moreover, some stomata were also blocked by impurities. Conversely, trehalose pretreatment slowed stomatal closure, and most of them remained open (Fig. 5e-h) .
Subsequently, the observation and analysis of mesophyll cell ultrastructures from day 0 to day 3 indicated that the mesophyll cell ultrastructures in trehalose-treated leaves and those of the control were normal and similar to each other on day 0. Chloroplasts were the most prominent cell organelle, Fig. 2 Effect of trehalose on antioxidant enzyme activities of P. lactiflora under high temperature stress. Values are expressed as the mean ± SE of triplicate assays, and different letters indicate significant differences according to Duncan's multiple range test (P < 0.05) and they were arranged close to the cell membrane in greater quantities and contained some bored small lipid spheres ( Fig.  6a-d) . On day 3, trehalose-treated leaves had more intact chloroplasts than the control did, and the chloroplasts still presented some lipid spheres and starch grains, as previously observed. The membranes of some chloroplasts in the control appeared to be diffuse and not intact, leading to leakage of the grana lamellae (Fig. 6e-h ).
Effects of trehalose on high temperature-tolerant gene expression under high temperature stress
To explore the molecular mechanisms of trehalose conferring high temperature stress tolerance to P. lactiflora, nine high temperature-tolerant genes obtained in a previous study based on transcriptome and digital gene expression analysis (Hao et al. 2016 ) were used to detect their Fig. 4 Effect of trehalose on chlorophyll fluorescence parameters of P. lactiflora under high temperature stress. Values are expressed as the mean ± SE of triplicate assays, and different letters indicate significant differences according to Duncan's multiple range test (P < 0.05) Fig. 3 Effect of trehalose on photosynthetic characteristics of P. lactiflora under high temperature stress. Values are expressed as the mean ± SE of triplicate assays, and different letters indicate significant differences according to Duncan's multiple range test (P < 0.05) expression patterns under high temperature stress, and their expression levels responded differently to high temperature stress (Fig. 7) . Except for HSP40-2 and WRKY1, the other seven genes showed overall upward trends when exposed to high temperature. Compared with the control, the expression levels of these nine genes in trehalose-treated leaves were all affected to some extent, especially HSP70-1, HSP40-1, HSP40-2, and POD. The expression level of HSP70-1 increased with a slight fluctuation as stress continued until its expression level peaked on day 3, when it was significantly higher in trehalose-treated leaves than in the control. In addition, HSP40-1, HSP40-2, and POD expression levels in trehalose-treated leaves were all significantly higher than those in the control leaves. HSP40-1 expressed similarly in trehalose-treated leaves and the control leaves, generally showing an upward trend with a single drop on day 1. Moreover, the biggest difference in HSP40-1 expression level between trehalose-treated leaves and the control leaves was observed on day 1 and was approximately 12 times higher in trehalose-treated leaves than in the control. With respect to POD expression level, in the control, there was very little change under high temperature, whereas it increased gradually in trehalosetreated leaves, becoming approximately 13.5 times higher than the control. In contrast, HSP40-2 expression level presented a downtrend and had a peak on day 0 which was 41.5 times greater in trehalose-treated leaves than that of the control. Subsequently, the difference of HSP40-2 expression levels between trehalose-treated leaves and the control gradually narrowed. Additionally, the expression levels of the other five genes were different from each other. 
Discussion
Summer high temperature restricts the normal growth of plants, inducing a series of changes in plant morphology, anatomy, physiology, biochemistry, and phenology (Wahid et al. 2007 ). Therefore, it is necessary to spray exogenous chemicals to alleviate the damage of high temperature stress to plants. In this study, the effects of trehalose on high temperature stress damage in P. lactiflora were investigated. Trehalose plays a protective role in serving as an osmolyte and/or a protein/ membrane (López-Gómez and Lluch 2012). Previous studies revealed that plant abiotic stress tolerance modulation was achieved through engineering the trehalose synthesis pathway or trehalose treatment (Fernandez et al. 2010) . In winter wheat (Triticum aestivum L.), exogenous application of trehalose protected thylakoid membranes from high temperatureinduced damage (Luo et al. 2010 ). In addition, our results clearly suggested that exogenous supply of trehalose could alleviate adverse effects of high temperature on P. lactiflora growth, which was consistent with previous studies (Luo et al. 2008 (Luo et al. , 2010 (Luo et al. , 2014 .
In plants, the initial nonspecific step of the stress response is ROS generation, including O 2 ·− and H 2 O 2 , which not only damages proteins but also causes lipid peroxidation in cell membranes (Berlett and Stadtman 1997; Foyer et al. 1997; Halliwell and Gutteridge 1984) . Under high temperature, O 2 · − generating rate and H 2 O 2 content in T. aestivum leaves were significantly enhanced compared with those of the control (Luo et al. 2010) , and this result was also observed in P. lactiflora, which suggested that high temperature disrupted the balance between the generation of and the scavenging of ROS, leading to oxidative stress. As a form of high temperature stress, oxidative stress also has an adverse impact on plant growth and development. Moreover, excessive ROS accumulation caused membrane lipid peroxidation injury in P. lactiflora, and MDA content and REC significantly increased with the development of high temperature stress, perhaps because of the decrease in antioxidant enzyme activities. When trehalose treatment was applied, these increases in ROS accumulation, MDA content, and REC were attenuated in P. lactiflora, consistent with a study of T. aestivum (Luo et al. 2010) , which suggested that trehalose increased antioxidant enzyme activities of P. lactiflora under high temperature stress. The main antioxidant enzymes eliminating ROS all contain SOD, CAT, peroxidase (POD), and ascorbate peroxidase (APX (Asada 1999) . In this study, CAT activity in P. lactiflora presented an uptrend under high temperature stress, whereas SOD activity showed a downtrend, which was also consistent with the study in T. aestivum (Wang et al. 2016) . This result was mainly because ROS elimination consumed a large quantity of SOD under high temperature stress, causing the generation of a large amount of H 2 O 2 , which needed more CAT to eliminate it. In trehalose-treated P. lactiflora, CAT and SOD activities were all enhanced, which reduced ROS accumulation and membrane lipid peroxidation injury. This result was also found in T. aestivum (Wang et al. 2016) . Moreover, trehalose has the ability to scavenge free radicals such as H 2 O 2 (Benaroudj et al. 2001) , another reason for reduced ROS accumulation and membrane lipid peroxidation injury.
Leaves are vital organs of plants, and leaf senescence is a typical representation of high temperature damage, evidenced by low photosynthesis, collapse of cellular structure, chlorophyll degradation, and membrane lipid peroxidation (Yang and Guo 2014) . Photosynthesis is one of the most sensitive physiological processes affected by high temperature, including stomatal and nonstomatal limitation. Stomatal limitation emphasizes a decrease in photosynthesis that is mainly due to reduced stomatal conductance caused by high temperature stress and an insufficient supply of CO 2 . Nonstomatal limitation emphasizes high temperature inhibition of key photosynthetic enzyme activities, gas absorption and diffusion of mesophyll cells, and CO 2 dissolution and fixation, which results in an overall photosynthetic decline (Chen et al. 2014) . In addition, Wu et al. (2001) suggested that slight high temperature stress led to a decline in photosynthesis through stomatal limitation, whereas severe high temperature stress reduced photosynthesis through nonstomatal limitation. In this study, Pn, Gs, and Tr all decreased under high temperature stress, but Ci increased, suggesting that P. lactiflora photosynthetic decline was caused by nonstomatal limitation; this was consistent with the results obtained in cucumber (Cucumis sativus L.) seedlings during late stages of high temperature stress . In addition, when P. lactiflora was treated with trehalose, Pn and Ci increased, but Gs and Tr decreased, consistent with results obtained in tomato (L. esculentum Mill.) seedlings treated with 0.5% trehalose and under high temperature stress (Pang et al. 2017 ). This result might be because leaf surfaces formed a film of trehalose, which closed stomata, reducing the excessive moisture evaporation and maintaining the moisture balance in P. lactiflora, which was related to the water absorption and retaining properties of trehalose (Brett et al. 2015) . Moreover, higher temperature weaken efficient use of light energy by plants, and when the light energy absorbed is greater than the light energy photosynthesized and is beyond the plant's protection ability, numerous ROS will be produced resulting in plant damage, consistent with the results of our study. Photosynthetic inhibition caused by high temperature stress has an important relationship with photosystem II (PS II). When P. lactiflora was stressed by high temperature, F v /F m and Y (II) presented upward trends, while Y (NPQ) and Y (NO) showed the opposite tendency, suggesting PS II Fig. 7 Effect of trehalose on high temperature-tolerant gene expression of P. lactiflora under high temperature stress. Values are expressed as the mean ± SE of triplicate assays, and different letters indicate significant differences according to Duncan's multiple range test (P < 0.05) was damaged, consistent with our previous study (Hao et al. 2017) . In terms of trehalose treatment, F v /F m and Y (II) increased while Y (NPQ) and Y (NO) decreased, which was consistent with the study in L. esculentum (Pang et al. 2017) , suggesting that trehalose protected the photosynthetic organ not by increasing heat dissipation but by maintaining photosynthetic organs to improve the activity of the photosystem. In addition, this speculation was validated by the anatomy changes observed in this study; trehalose-treated leaves had more intact chloroplasts than the control did, and the membranes of some chloroplasts in the control appeared to be diffuse and not intact, leading to leakage of the grana lamellae. Additionally, in P. lactiflora, thermo-tolerant related differently expressed genes were screened by transcriptome and digital gene expression analysis, and 161 genes were obtained (Hao et al. 2016) . Of them, the expression levels of nine genes were determined in this study. Except for WRKY2 and HSP20, the expression of the other genes was differentially induced by trehalose, especially HSP40-1, HSP40-2, and POD, and thus these genes could protect plants from high temperature stress (Chakraborty et al. 2018; Rehman et al. 2017 ).
In conclusion, the present study has demonstrated that trehalose conferred high temperature stress tolerance to P. lactiflora. Under high temperature stress, trehalose improved redox homeostasis by inducing the activities of antioxidant enzymes. In addition, trehalose increased photosynthesis by protecting cell structure. Increased photosynthesis alleviated disruption of cellular redox homeostasis, while improved redox homeostasis contributed to keeping higher photosynthesis, forming a virtuous cycle (Fig. 8) . These results unravel the critical role of trehalose in high temperature stress mitigation and suggest that trehalose could be applied to aid in the management of high temperature in P. lactiflora cultivation.
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